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Human umbilical vein endothelial cells
(HUVEC)a b s t r a c t
Flow cytometry is a key instrument in biological studies, used to identify and analyze cells in suspension.
The identiﬁcation of cells from debris is commonly based on light scatter properties as it has been shown
that there is a relationship between forward scattered light and cell volume and this has become common
practice in ﬂow cytometry. Cryobiological conditions induce changes in cells that alter their light scatter
properties. Cells with membrane damage from freeze–thaw stress produce lower forward scatter signals
and may fall below standard forward scatter thresholds. In contrast to light scatter properties that cannot
identify damaged cells from debris, ﬂuorescent dyes used in membrane integrity and mitochondrial
polarization assays are capable of labeling and discriminating all cells in suspension. Under cryobiological
conditions, isolating cell populations is more effectively accomplished by gating on ﬂuorescence rather
than light scatter properties. This study shows the limitations of using forward scatter thresholds in ﬂow
cytometry to identify and gate cells after exposure to a freeze–thaw protocol and demonstrates the use of
ﬂuorescence as an alternative means of identifying and analyzing cells.
 2014 The Authors. Published by Elsevier Inc. This is anopenaccess articleunder theCCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).Introduction
Flow cytometry has been shown to be a valuable tool for assess-
ing viability of individual cells in suspension. In ﬂow cytometry,
light is scattered by individual cells in a laser beam, and the light
scatter properties of these cells distinguish cell populations. In
addition, speciﬁc wavelengths are analyzed to probe ﬂuorescent
emission from surface markers on cells after speciﬁc labeling. Dif-
ferent characteristics of cells can inﬂuence the pattern of detected
scattered light at forward and side angles. Forward light scatter has
widely been used as an indicator of cell size as it has been shown
that under speciﬁc conditions forward light scatter changes in rela-
tion to cell volume [16,26,27,43], whereas side scattered light is
inﬂuenced by nuclear morphology and cytoplasmic granulation
reﬂecting the complexity of the internal structure of cells [6,28].In analysis of ﬂow cytometry data, the combination of forward
and side scatter has been used to identify speciﬁc cell types and
subpopulations [28,38,48].
Common practice in ﬂow cytometry is to identify and separate
cells from background and debris using a trigger, also referred to as
the discriminator, that is traditionally based on a forward scatter
threshold [8,29], which assumes that forward scattered light corre-
lates with cell or particle volume. However, a study of osmotic
stress in hamster ﬁbroblasts, granulocytes, and lymphocytes
showed that forward light scatter was inversely proportional to
cell volume in anisotonic solutions [24]. The complexity of the cell
and its properties suggests that size is not the only factor that
affects forward scattered light [14]. Other relevant factors include
the wavelength used to generate light scatter signals [19,30], the
angle of detection of scattered signals [20,37], differences in the
refractive index [39,41], properties of the plasma membrane, and
the presence of internal cell structures [25].
Light scatter is not the only option when utilizing a trigger for
distinguishing cells; there have also been applications using ﬂuo-
rescence as a method of cell identiﬁcation in ﬂow cytometry. The
ﬂuorescence of nucleic stains and monoclonal antibodies have
been combined with light scatter to identify damaged and intact
cells in ﬁxed ﬂow cytometric samples [50], and as a variable to
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by Loken et al. [18] showed that in a light scatter distribution,
the position of a peak of two attached cells was not double that
of the peak for single cells, and this non-additive property was
an indication that light scatter was not directly proportional to cell
volume. However, in that same study, a ﬂuorescein ﬂuorescence
proﬁle of these same cells showed cell doublets emitting twice
the ﬂuorescent intensity of single cells [18]. Lu et al. [21] showed
that light scatter measurements could not accurately quantify
spermatozoa in human sperm cell concentrates. The concept of
using ﬂuorescence as a threshold has been previously used in ﬂow
cytometry for the purposes of sorting minor subpopulations of
cells [23] and for detection of rare events [35]. Fluorescence has
also been combined with Coulter counter measurements, revealing
size and permeability characteristics of cells and contributing to
sorting viable cells from ‘‘waste’’ in suspension [13]. These exam-
ples demonstrate that although light scatter is an important
parameter in ﬂow cytometry, there are situations where ﬂuores-
cence may be a more reliable indicator to identify cells.
There is increasing interest in using ﬂow cytometry as a quanti-
tative method of cellular assessment in cryobiological studies
[1,4,11]. Cryobiology is the study of biological responses to low tem-
peratures and cryopreservation provides a means of preserving via-
bility and function of cells and tissues for long periods. Assessment
of cellular viability is used in cryobiology to measure the quality of
individual samples, and optimize protocols to improve cryopreser-
vation outcomes [5]. The plasmamembrane is considered a primary
site of cryoinjury [22,44], and in cryobiology membrane integrity is
one of the most commonly-used methods to determine viability.
Assays of plasma membrane integrity are simple, rapid assess-
ments, primarily measured using dye exclusion methods [32], or
combinations of ﬂuorescence [2,9,24,46]. Cryopreservation studies
have also usedmembrane integrity assays in conjunctionwithmore
speciﬁc assessments of cell function to understand cellular
responses, including changes in metabolic function [5,31], DNA
fragmentation [10], and mitochondrial polarization [47].
Cryobiological conditions induce signiﬁcant alterations in cellu-
lar light scattering properties. A study by McGann et al. [24] expos-
ing cells to cryobiological conditions showed that cooling to low
temperatures and freezing cells resulted in low membrane integ-
rity and decreased forward light scatter, under conditions that
resulted in only a slight reduction in cell volume. These observa-
tions contradict the assumption that the forward light scatter is
proportional to volume [17], and suggested that other properties
of the cell surface and the cytoplasm may also contribute to the
light scatter of cells [24].
The objective of this study was to demonstrate that gating strat-
egies based on forward light scattering may introduce inaccuracies
in experiments that require the identiﬁcation of total cell popula-
tions, including not only live, but also dead and damaged cells. This
study also investigated the use of ﬂuorescence-based gating as an
alternative strategy to identify all cells in a sample population.Materials and methods
Cell cultures
mm?>Human umbilical vein endothelial cells (HUVEC)
(Lot#0000120825; Lonza, Walkersville, MD, USA) were cultured at
37 C and 5% CO2 in endothelial basal media (EBM-2) supplemented
with a bullet kit (Lonza) containing human ﬁbroblast growth factor
B, hydrocortisone, vascular endothelial growth factor, ascorbic acid,
heparin, human endothelial growth factor, and fetal bovine serum.
For cell passage, cultures were incubated to approximately 40%
conﬂuence within the culture ﬂask, according to LONZA guidelines.For experiments, cultures were incubated to approximately 50%
conﬂuence then harvested by exposure to trypsin–EDTA (Lonza)
for 2 min at 37 C. Cell suspensions were centrifuged at 201g for
5 min in a 5810R tabletop centrifuge (Eppendorf, Westbury, NY,
USA), and resuspended in endothelial growth media at a concen-
tration of 1.0  106 cells/mL in 1 mL aliquots maintained in
12  75 mm round bottom plastic tubes (VWR, Edmonton Canada)
prior to experimentation.
Membrane integrity assessment of cell recovery
The dual ﬂuorescent assay (SytoEB) uses a combination of two
ﬂuorescent dyes, Syto13 (Molecular Probes, Eugene, OR, USA) and
ethidium bromide (EB) (Sigma–Aldrich, Mississauga, ON, Canada)
to assess cell membrane integrity. Syto13 is a DNA/RNA binding
stain that permeates all cells and ﬂuoresces green on excitation
by UV wavelengths. Ethidium bromide permeates cells with dam-
aged plasma membranes, exhibiting red ﬂuorescence upon UV
exposure. The combination of these two dyes makes a binary assay
with membrane intact cells exhibiting green ﬂuorescence (Syto13)
and membrane compromised cells exhibiting red ﬂuorescence
(EB). The SytoEB stain was prepared using 1 phosphate buffered
saline (PBS), and aliquots of Syto and EB diluted from the stock
solution. The ﬁnal dye was comprised of 25 lM EB and 12.5 lM
Syto13. 10 lL of the prepared dye were added to the 1 mL aliquot
of HUVEC in suspension and incubated for 2 min at room temper-
ature before analysis.
Mitochondrial membrane potential assessment of cell recovery
The ratiometric dye 50,6,60-tetrachloro-1,10,3,30-tetraethylbenz-
imidazolylcarbocyanine-iodide (JC-1) (Molecular Probes, Eugene,
OR, USA) was used as an indicator of mitochondrial membrane
potential of HUVEC in suspension. The ﬂuorescence shifts from
green (525 nm) in low polarization states (non-functional mito-
chondria) to red (590 nm) in high polarization states (functioning
mitochondria). This change in color of ﬂuorescence is based on a
concentration-dependent shift from monomers of the dye which
ﬂuoresce green to J-aggregates which ﬂuoresce red [34]. Initially
the dye is present as cationic monomers (green) that permeate into
cells, inﬂuenced by the negative intracellular potential. In healthy
cells these monomers permeate into the mitochondrial matrix,
drawn by the electronegative interior of mitochondria where these
monomers form J-aggregates (red) [15]. Therefore cells with depo-
larized mitochondria predominately emit green ﬂuorescence from
monomers present in the cytoplasm, and cells with polarized mito-
chondria predominantly emit red ﬂuorescence from J-aggregates of
the dye.
The JC-1 assay was prepared from a stock solution made by
combining 5 mg of the JC-1 reagent with 5 mL of DMSO (Sigma–
Aldrich) to a concentration of 1 mg/mL. 0.8 lL of JC-1 reagent/
DMSO solution was added to 0.4 mL aliquots of HUVEC (ﬁnal con-
centration of 2 lg/mL) and incubated for 30 min in the incubator at
37 C and 5% CO2.
Cell treatment conditions
Control group
The ﬁrst group of cells was left for 5 min at room temperature
after staining, prior to analysis for ﬂow cytometry.
Mitochondrial depolarization group
Tubes from the second group (CCCP samples) were treated
with the mitochondrial depolarization reagent carbonyl cyanide
3-chlorophenylhydrazone (CCCP). The CCCP samples were created
by preparing a 5 mM working concentration of the CCCP reagent
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were added to the 0.4 mL cell suspension (50 lM ﬁnal concentra-
tion) and incubated simultaneously with the JC-1 reagent for
30 min prior to ﬂow cytometry analysis.
The CCCP reagentwas dissolved inDMSO (>99.9%); 4 lL ofDMSO
is present in the 0.4 mL cell sample, giving a ﬁnal concentration of
approximately 1%. An even smaller concentration of DMSO results
with the use of the JC-1 reagent. Although this compound is com-
monly used in procedures for its cryoprotective properties, the con-
centrations used in this investigation are too low to induce any
signiﬁcant cryoprotective effect.Plunged group
Tubes from the third group were plunged directly into liquid
nitrogen for 2 min, and then subsequently thawed in a 37 C water
bath until no visible ice was present. This group was considered a
control for dead cells, emphasizing the extent of cryoinjury that
could be induced during cryopreservation procedures. After thaw-
ing, these cells were then stained prior to analysis with the ﬂow
cytometer.Flow cytometry analysis
Cell aliquots were assessed with an unmodiﬁed Coulter EPICS
XL-MCL™ ﬂow cytometer (Beckman-Coulter) equipped with a
488 nm argon laser. Emission of Syto13 and JC-1 monomers was
detected using the FL1 (505–545 nm) bandpass ﬁlter; emission of
JC-1 aggregates was detected using the FL2 (560–590 nm) band-
pass ﬁlter, and emission of ethidium bromide was detected using
the FL3 (605–635 nm) bandpass ﬁlter. Aliquots of HUVEC
(0.4 mL) were loaded and run for a time interval of 2 min in Iso-
ﬂow™ sheath ﬂuid (Beckman-Coulter).
Fluorescence compensation and data acquisition were per-
formed using System II™ software (Beckman-Coulter). Fluores-
cence compensation for the membrane integrity assay (SytoEB)
was achieved by subtracting 27.5% of FL1 (Syto13) from FL3 (EB),
whereas compensation for the mitochondrial membrane potential
was achieved by subtracting 43% FL1 (JC-1 green) from FL2 (JC-1
red). The corresponding compensated data was analyzed with
the Kaluza v1.2 ﬂow cytometry analysis software (Beckman Coul-
ter), producing one and two parameter histograms of both the light
scatter and ﬂuorescent properties for each sample.
The guidelines used to set ﬂuorescence compensation are found
in the text ‘‘Practical Flow Cytometry, 4th Ed.’’ [40]. For membrane
integrity, two ﬂuorescent stains were used, and for mitochondrial
polarization a single two-color stain was used, and thus, two-color
compensation of spectral overlap could be achieved simply by
subtracting the signals on a linear scale for each detector.
Compensation was ﬁrst performed with manual adjustments on
the instrument itself and then double checked using the software
‘‘Kaluza v1.2’’ from the manufacturer Beckman-Coulter.
Fluorescence compensationwas conducted individually for each
type of experiment, once for membrane integrity (using Syto13 and
ethidium bromide) and again for mitochondrial polarization (JC-1).
However, the settings of ﬂuorescence compensation were kept the
same for each run throughout each experiment. It should be noted
that the compensation conditions stated in the manuscript are spe-
ciﬁc to the ﬂuorescent stains and instrumentation used in the
investigation.
The ﬂow cytometer used in the investigation was subject to
routine quality control runs in order to ensure accuracy of results.
The instrument underwent routine monthly checks carried out
using ﬂuorescent beads purchased from the manufacturer.
This research article meets the minimum information standard for
ﬂow cytometry experiments (MIFlowCyt). The raw ﬂow cytometrydata is available in the Flow Repository (www.ﬂowrepository.
org – ID: FR-FCM-ZZ6W).Results
Effectiveness of forward light scatter gating
Fig. 1 shows typical light scatterplots of the forward scatter
(y-axis) and side scatter (x-axis) of HUVEC in suspension, either
untreated HUVEC control, or after cells have been plunged into
liquid nitrogen. Each dot on these plots represent a single event
through the ﬂow cytometer. Fig. 1A shows the raw unprocessed
data of all events in room temperature controls, and depicts three
populations, grouped into regions: R1 with high forward and high
side scatter events (26%), R2 with low forward and high side scat-
ter events (6%), and R3 with low forward and low side scatter
events (68%). Commonly, a threshold is established on the forward
scatter channel under the assumption that this threshold allows for
the discrimination of cells from debris, where only events greater
than the value of this threshold will be registered by the ﬂow
cytometer. Fig. 1B shows the same data as Fig. 1A, after application
of a threshold on the forward scatter intensity, where events with
forward scatter intensity below the threshold have been removed.
Though debris makes up the majority of events in R3, this is not
necessarily true for the events in R2. Fig. 1C shows a plot of for-
ward versus side scatter for HUVEC without cryoprotectant
directly plunged into liquid nitrogen to induce cryoinjury including
the raw unprocessed data of all events. In Fig. 1C two populations
R2 (32%) and R3 (68%) consist of the majority of events, with few
events present in R1 (<1%). Fig. 1D shows the data after application
of the forward scatter threshold, where the applied threshold now
excludes the majority of events.
A comparison of Fig. 1A (control) and C (plunged) shows that
the number of events in R1 has decreased and the number in R2
has increased, indicating that the events of R1 have moved to R2
after plunging these cells into liquid nitrogen. This implies that
events from R1 represent healthy cells, whereas events from R2
represent damaged cells. In the untreated control (Fig. 1A), there
are some events present in R2 (6% of total events). Identifying these
events as damaged cells indicates that they make up approxi-
mately 19% of total cells present; this is similar to our observations
using ﬂuorescence microscopy, as approximately 15–20% of cells
were found to be membrane damaged in control cell populations
of freshly trypsinized HUVEC in suspension (data not shown).
Applying the typical forward scatter threshold to Fig. 1D (plunged)
removes these damaged cells, excluding them from further
analysis.Effectiveness of ﬂuorescence gating with a membrane integrity assay –
SytoEB
Fig. 2 shows a membrane integrity analysis performed using
ﬂow cytometry of HUVEC stained with ﬂuorescent dyes Syto13
and EB, showing analysis of both HUVEC control samples
(Fig. 2A–C) and HUVEC plunged into liquid nitrogen (Fig. 2D–F).
Fig. 2A and D show histograms of green ﬂuorescence (Syto13: a
dye that enters all cells), and Fig. 2B and E show histograms of
red ﬂuorescence (EB: a dye that permeates only membrane dam-
aged cells). Histograms show a peak of low ﬂuorescence events
separated from a peak of highly ﬂuorescent events. Because Syto13
and EB have a high yield of ﬂuorescence when bound to nucleic
acids [45,51], it is reasonable to conclude that the low intensity
peaks represent debris and high intensity peaks represent cells.
Thresholds were placed at the minima between the peaks of events
to separate the low green from high green regions (Fig. 2A and D)
Control cells
Cells plunged in 
liquid nitrogen
Fig. 1. Flow cytometry forward vs. side scatter intensity plots of HUVEC. (A) Raw data showing all events in room temperature controls. (B) Data after application of a
threshold on the forward scatter intensity in room temperature controls. (C) Raw data showing all events after plunging in liquid nitrogen. (D) Data after application of a
threshold on the forward scatter intensity after plunging in liquid nitrogen. ⁄Percentages excluded due to the low number of total events registered by the ﬂow cytometer.
Control cells
Cells plunged in 
liquid nitrogen
Fig. 2. SytoEB membrane integrity analysis of HUVEC as measured by ﬂow cytometry. (A) Histogram of Syto13 ﬂuorescence intensity in control samples. (B) Histogram of
ethidium bromide ﬂuorescence intensity in control samples. (C) Forward versus side scatter showing segregation of membrane intact cells (green), membrane compromised
cells (red), and debris (grey) in control samples. (D) Histogram of Syto13 ﬂuorescence intensity in plunged samples. (E) Histogram of ethidium bromide ﬂuorescence intensity
in plunged samples. (F) Forward versus side scatter showing segregation of membrane intact cells (green), membrane compromised cells (red), and debris (grey) in plunged
samples.
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dyes this threshold was placed to identify events as cells (high
green and high red) from debris (low green and low red) with
the dyes identifying the membrane integrity of those cells as mem-
brane intact (high green), or membrane damaged (high red).A closer look at Fig. 2D shows a histogram of the green ﬂuores-
cence raw data with a peak present in the low green region, but no
peak in the high green region, indicating that there are almost no
membrane intact cells after plunging cells in liquid nitrogen.
Fig. 2E shows a low intensity peak in the low red region, and a high
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ple (Fig. 2A and B), with the plunged sample and (Fig. 2D and E),
shows the number of intact cells that become damaged when
plunged into liquid nitrogen, represented here by a shift from
green to red ﬂuorescence. The thresholds based on membrane
integrity ﬂuorescent dyes are able to distinguish both intact con-
trol cells and cells damaged by cryoinjury from debris, which is
impossible using a traditional forward scatter threshold.
Fig. 2C and F show the raw forward versus side scatter data of
HUVEC control and plunged samples, respectively, showing cells
with high intensity Syto13 events (green), high intensity EB events
(red), and the remaining events in grey, indicating that membrane
intact cells (green) and membrane compromised cells (red) could
be distinguished from debris (grey). In Fig. 2C, the membrane
intact cells make up approximately 82% of total cells and also
match the cell population in R1 (Fig. 1A), whereas membrane com-
promised cells make up approximately 18% of the total cells and
match the cell population in R2 (Fig. 1A), further indicating that
R1 and R2 are comprised of healthy and damaged cells respec-
tively. It is noted that there is a proportion of cells (red events,
Fig. 2C) that are present in region R3 (Fig. 1). These red ﬂuorescent
events are an indication that damaged cells with low light scatter
properties may be present in R3. Alternatively, these events may
be due to the presence of cell particulate or microparticles from
microvesiculation of cells, an occurrence that is observed during
long-term storage of red blood cells [3,7,12].
Fig. 3 shows the events registered by the ﬂow cytometer that
have been identiﬁed as cells when using either a light scatter, or
a ﬂuorescence threshold. The multiparameter capability of the ﬂow
cytometer allows for direct comparison of the light scatter and
ﬂuorescence properties of each recorded event. A comparison of
the two gating strategies for HUVEC controls shows a similar num-
ber of healthy cells gated by either light scatter or ﬂuorescence.
Using ﬂuorescence gates, an increase was observed in the number
of damaged cells (EB) in plunged samples compared to controls.
However, the light scatter threshold excludes many damaged cells
from both control and plunged samples. The total number of cells
observed using light scatter gates was approximately 60% less than
the total number observed using ﬂuorescence gates, indicating that
light scatter thresholds are ineffective at detecting damaged cells
in both control and plunged samples whereas ﬂuorescence gating
allows for detection of most cells in the suspension.
Effectiveness of ﬂuorescence gating with a mitochondrial polarization
assay – JC-1
JC-1 was used as an indicator of mitochondrial polarization to
identify healthy and cryoinjured cells from debris. Fig. 4A and B
show JC-1 green ﬂuorescence of HUVEC control samples. Fig. 4A
shows a ﬂuorescence histogram separating low intensity eventsFig. 3. Membrane integrity analysis of events identiﬁed as cells using Syto13
(green) and ethidium bromide (red) in HUVEC control and plunge samples with
either light scatter or ﬂuorescence gates (mean ± sem; n = 3).(low green), from high intensity events (high green). High intensity
events correspond to the cell population, whereas low intensity
events represent debris in suspension, elucidated by the action of
the JC-1 assay, a membrane potential dependent stain that requires
a negatively charged intracellular environment in order for its
monomers to concentrate. By establishing a threshold between
the low-green and high-green regions based on the ﬂuorescent
intensity of JC-1 monomers, the cell population of interest is now
easily distinguished from debris for further analysis.
A closer look at the high green region in Fig. 4A shows two
peaks present: a lower intensity peak with a high percentage of
high-green cell events (peak 1: 75.8 ± 2.0%), and a higher intensity
peak with a low percentage of high-green cell events (peak 2:
24.6 ± 2.0%). Since the green ﬂuorescence intensity of JC-1 depends
on the concentration of monomers, lower intensity events (peak 1,
Fig. 4A), and higher intensity events (peak 2, Fig. 4A), with both
being in the high-green region corresponding to cells, will depict
cells with polarized and depolarized mitochondria respectively.
Fig. 4B show the raw forward versus side scatter data of HUVEC
control samples after the application of this ﬂuorescence threshold
with cells containing polarized (green) and depolarized mitochon-
dria (orange) clearly distinguished from debris (grey). Cells with
polarized mitochondria (green, Fig. 4B), show similar light scatter
properties to membrane intact cells (green, Fig. 2C). Correspond-
ingly, cells with depolarized mitochondria (orange, Fig. 4B), show
similar light scatter properties to membrane compromised cells
(red, Fig. 2C). This provides further evidence of the accuracy of
ﬂuorescence thresholds, as two separate assays were capable of
not only discriminating cells from debris but also identifying intact
from damaged cells.
Fig. 4C shows the JC-1 green ﬂuorescence of HUVEC samples
with the addition of the mitochondrial depolarization agent CCCP,
used as a negative control for mitochondrial membrane potential
without affecting the membrane integrity of the cell. Fig. 4C shows
a ﬂuorescence histogram separating low ﬂuorescent intensity deb-
ris (low green) from high intensity cells (high green). Even after
depolarization of mitochondria in all cells within the sample from
incubation with CCCP, these cells were still readily identiﬁed from
debris using a ﬂuorescence threshold at the minimum between the
low green and high green regions. A comparison of JC-1 green ﬂuo-
rescence shows only one peak present in the high green region
(Fig. 4C), compared to the two peaks present in control samples
(Fig. 4A).
Fig. 4D shows the forward versus side scatter data of HUVEC
samples after the application of a ﬂuorescence threshold, identify-
ing cells with depolarized mitochondria (orange) from debris
(grey). Although the ﬂuorescent properties of cells have changed
(Fig. 4C), compared to untreated controls (Fig. 4A), the light scatter
properties of both of these samples remain the same (Fig. 4B and
D). A large population of cells with high forward and side scatter
properties is still present along with a smaller population of cells
with low forward and high side scatter corresponding to the events
found in R1 and R2 (Fig. 1A), respectively.
Fig. 4E and F show the JC-1 green ﬂuorescence of HUVEC
plunged samples. Fig. 4E shows a ﬂuorescence histogram separat-
ing low intensity debris (low green), from high intensity cells (high
green). A comparison of ﬂuorescent intensity (peak intensity
expressed in units from the ﬂow cytometer: au) showed that cells
(high green) had increased ﬂuorescence in plunged samples
(54.8 ± 1.4 au, Fig. 4E), compared to controls (21.1 ± 0.6 au,
Fig. 4A). The lower intensity of green ﬂuorescence in controls (high
green, Fig. 4A), is due to the lack of JC-1 monomers present in cells,
as under control conditions monomers form aggregates in mito-
chondria and ﬂuoresce red, lowering the overall intensity of green
ﬂuorescence, indicating healthy living cells [42]. The higher peak of




Fig. 4. JC-1 mitochondrial polarization analysis of events gated as cells and debris in HUVEC measured with ﬂow cytometry. (A) Histogram of JC-1 green ﬂuorescence
intensity showing cells (high green) with polarized (peak 1) and depolarized (peak 2) mitochondria separate from debris (low green) in controls samples. (B) Forward versus
side scatterplot showing identiﬁcation of cells with polarized (light green) and depolarized (orange) mitochondria from debris (grey) in control samples. (C) Histogram of JC-1
green ﬂuorescence intensity in control samples with the addition of CCCP. (D) Forward versus side scatter plot showing segregation of cells (orange) from debris (grey) in
control samples with the addition of CCCP. (E) Histogram of JC-1 green ﬂuorescence intensity in plunged samples. (F) Forward versus side scatter plot showing segregation of
damaged cells (orange) from debris (grey) in plunged samples.
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and F show that intact and damaged mitochondria are accurately
distinguished from debris with a ﬂuorescence threshold.
The mitochondrial membrane potential of events identiﬁed as
cells (from Fig. 4) were also assessed using a one parameter histo-
gram of the intensity of red ﬂuorescence. The red ﬂuorescence
intensity of J-aggregates from the mitochondrial polarization assay
JC-1 and the corresponding light scatter properties of HUVEC are
presented in Fig. 5. The forward and side light scatter propertiesof control (Fig. 5A), and plunged (Fig. 5B), samples are presented
with a corresponding histogram of JC-1 red ﬂuorescence (Fig. 5C).
The high red ﬂuorescence in control cells (red peak, Fig. 5C), is from
the formation of J-aggregates present in cells with polarized mito-
chondria, whereas the low red ﬂuorescence of plunged cells (blue
peak, Fig. 5C), occurs when mitochondria are depolarized. Cells
with high red ﬂuorescence and corresponding high forward and
high side scatter properties indicate cells with intact mitochondria
(red) and cells with low red ﬂuorescence and low forward scatter
A.J.F. Reardon et al. / Cryobiology 69 (2014) 91–99 97properties indicate cells with damaged mitochondria (blue). JC-1
not only discriminates cells from debris but also reﬂects the
functional capacity of HUVEC based on the polarized state of
their mitochondria indicated by the presence of red ﬂuorescent
J-aggregates.
Discussion
Light scatter is used as a key parameter in ﬂow cytometry to
reveal information about cell size and morphological characteris-
tics that can aid in the identiﬁcation of cell types and subpopula-
tions; however the relationship between light and particle
properties is complex. Since Mullaney et al. demonstrated a rela-
tionship between forward light scatter and cell volume under the
assumption that cells were homogenous spheres with a uniform
refractive index [27] a common generalization has emerged that
light scatter in the forward direction gives an estimation of cell
size. Though volume does play a major role, there are limitations
to this generalization, and it has been shown that with polysty-
rene latex microspheres forward scattered light increases
with diameter in a non-linear manner [39], indicating that other
factors are also involved. It is obvious that cells are not
merely spheres with set diameters and refractive indices whose
behavior is unaltered by a changing environment. These factors
introduce limitations to using forward scattered light as a trigger
to discriminate cells from background and debris under some
conditions. The non-speciﬁc binding of antibodies in immunoﬂu-
orescence studies to dead and damaged cells was problematic
when trying to distinguish intact cells of interest, especially in
samples containing different cell types; using a forward scatter
threshold to distinguish cells was the simplest means of reducing
artifacts from this non-speciﬁc binding. The application of this
threshold to HUVEC room temperature controls shows how easily
intact cells are identiﬁed from debris (Fig. 1B).
In cryobiological studies that require numeration of both
damaged and healthy cells during assessments, traditional use
of a light scatter threshold would lead to the exclusion of
damaged cells of interest. These investigations often use the ratio
of healthy to total cells (healthy and damaged) to determine the
effectiveness of cryopreservation protocols. Plunging HUVEC
directly into liquid nitrogen shows the extent of damage that
can occur to cells in a cryopreservation procedure and the ineffec-
tiveness of the forward scatter threshold to discriminate between
debris, damaged cells and healthy cells (Fig. 1D). For cryobiolog-
ical studies that need to include damaged cells in the ﬁnal
assessment, an alternative strategy of gating and discriminating
cells is required.Fig. 5. JC-1 mitochondrial polarization analysis of HUVEC measured with ﬂow cytometry
cells with polarized (red) and depolarized (blue) mitochondria. (B) Forward versus side
depolarized mitochondria (blue). (C) Histogram comparing the intensity of red ﬂuoresceThe plasma membrane which has been shown to be a contrib-
uting factor to light scatter characteristics of cells is also an impor-
tant determinant of cell viability. Under cryobiological conditions
the membrane acts as a barrier to ice propagation during freezing,
and is believed to be one of the primary sites of cryoinjury during
exposure to freeze–thaw stress [33,44]. The plasma membrane is
an ideal candidate to test the effectiveness of light scatter and ﬂuo-
rescence gating strategies to discriminate healthy and damaged
cells from debris. A ﬂuorescent membrane integrity assay (SytoEB)
was used to assess the state of the cell membrane in HUVEC room
temperature controls and HUVEC plunged into liquid nitrogen
(Fig. 2).
The nucleic acid staining dyes of the membrane integrity assay
(SytoEB) demonstrate the versatility of ﬂuorescence measure-
ments as membrane intact cells have high forward scatter and high
green ﬂuorescence, whereas damaged cells have low forward scat-
ter and high red ﬂuorescence. Due to the similarities in forward
light scatter of damaged cells and debris it is difﬁcult to accurately
distinguish damaged cells from debris using forward light scatter
alone. In cryobiological studies where the proportion of damaged
to total (intact and damaged) cells is to be used; discarding dam-
aged cells from assessment would introduce bias in the ﬁnal result
(Fig. 3). The use of ﬂuorescence intensity gives a more accurate
measure for viability and a comparison of control and plunged
HUVEC samples shows the advantage of using ﬂuorescence over
light scatter based thresholds in cryobiological applications (Fig. 3).
Fluorescent assays are not limited to assessments of the plasma
membrane; there is the capability of probing other cellular charac-
teristics. The JC-1 ﬂuorescent dye is an indicator of mitochondrial
membrane polarization from its formation of red–orange ﬂuores-
cent J-aggregates [42]. In control samples the high green region
(high green, Fig. 4A), shows cells with a higher intensity of green
ﬂuorescence than the extraneous events in suspension (low green,
Fig. 4A), indicating that not all monomers of the dye form J-aggre-
gates in healthy cells and that a number of green ﬂuorescent
monomers remain in the cell cytoplasm.
A closer observation of control JC-1 ﬂuorescence shows two
peaks, a ﬁrst peak indicating cells with high forward scatter prop-
erties, and a second peak of cells with low forward scatter, further
conﬁrming our use of ﬂuorescence to discriminate between
healthy and damaged cells (high green, Fig. 4A). When looking at
HUVEC treated with CCCP a different picture emerges; only one
peak is present indicating depolarization of cell mitochondria but
with no alteration in light scatter properties (Fig. 4C and D); an
indication that light scatter does not readily distinguish cells that
have undergone mitochondrial depolarization, unlike plunged
samples that show changes in both ﬂuorescence and light scatter. (A) Forward versus side scatter plot of control cells at room temperature showing
scatter plot of cells plunged directly into liquid nitrogen showing only cells with
nce of control (red) and plunged (blue) cells.
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mechanism of a mitochondrial polarization assay compared to a
membrane integrity assay, the same result was attained, further
reinforcing the versatility of ﬂuorescence based cell discrimination.
In addition to discriminating cells, JC-1 also gives an indication
of the functional state of mitochondria based on the intensity of
red ﬂuorescent JC-1 aggregates. The polarized state of mitochon-
dria in control samples gave off higher intensity of ﬂuorescence
when compared to plunged cells (Fig. 5). JC-1 has been found use-
ful as a ratiometric assay, as healthy cells primarily give off high
red and low green ﬂuorescence, whereas damaged cells give off
low red and high green ﬂuorescence; this ratio may be used to
determine the polarization state of mitochondria in cells [36].
Conclusions
In this study the effectiveness of using light scatter and ﬂuores-
cence gating strategies in ﬂow cytometry for cryobiological appli-
cations were compared. These strategies were used to identify
HUVEC from debris in control samples and in samples that had
been plunged directly into liquid nitrogen. The traditional method
of using forward scattered light as a trigger signal to discriminate
cells excluded the majority of cryoinjured cells from assessment
along with debris. Though this is not a concern when conducting
studies with immunoﬂuorescence, it is problematic for studies that
need to take into account the proportion of viable to total (viable
and non-viable) cells such as in cryobiology. An alternative to for-
ward light scatter is to use the ﬂuorescence signal intensity to dis-
criminate both healthy and damaged cells from debris.
In addition to these ﬁndings this study also showed that HUVEC
control and cryoinjured cells were effectively identiﬁed under con-
trol and plunged conditions using ﬂuorescence assessments of
membrane integrity, a commonly used assessment of cell viability,
and mitochondrial polarization an indicator of the functional state
of cellular mitochondria. A common nucleic acid based membrane
integrity assay such as the combination of Syto13 and ethidium
bromide easily identiﬁes as cells those events with high intensity
ﬂuorescent signals. The JC-1 dye not only discriminated cells from
background and debris based on the intensity of green JC-1 mono-
mers but in addition also indicated the functional state of cellular
mitochondria. These assays demonstrate that ﬂuorescent stains of
very different mechanisms can be equally effective at identifying
healthy and damaged cells with the ﬂow cytometer under condi-
tions where light scatter has shown to be unreliable. Flow cytom-
etry can be a valuable tool in studies involving cryo-damage as
long as the limitations of traditional methods are taken into
account, and the alternatives are considered.
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